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Abstract 
 
We developed a thermophysical model for cometary nuclei, which is based upon 
the assumption that comets form by the gravitational instability of an ensemble of 
dust and ice aggregates. Under this condition, the tensile strength of the ice-free 
outer layers of a cometary nucleus can be calculated, using the dust-aggregate 
collision and adhesion model of Weidling et al. (2011). Based on available 
laboratory data on the gas permeability and thermal conductivity of ice-free dust 
layers, we derived the temperature and pressure at the dust-ice interface for pure 
water and pure carbon dioxide ice. Comparison of the vapor pressure below the 
dust crust with its tensile strength allows the prediction of dust release from 
cometary surfaces. Our model predicts dust activity for pure CO2 ice and for 
heliocentric distances of <~ 3 AU, whereas pure H2O ice cannot explain the dust 
emission.  
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1. Introduction.  
 
In this paper, we propose a new model to assess the strength of the surface layer of 
cometary nuclei and investigate the gas release and, thus, the activity of comets. 
These problems have been studied in numerous cometary publications and 
different approaches have been applied to estimate the strength of cometary 
material. We list here only some of them. Greenberg et al. (1995) used 
observational data of the splitting of comet Shoemaker-Levy 9 to get a quantitative 
derivation of the tensile strength of the nucleus using a simple microscopic model 
of intermolecular interactions. Davidsson (2001) and Toth and Lisse (2006) 
estimated the lower limit of the bulk density and tensile strength from the 
investigation of tidal splitting and rotational breakup of cometary nuclei. Kührt and 
Keller (1994) noted that the cohesion between the dust (and ice) particles leads to a 
tensile strength much larger than the one given by pure gravitational binding. The 
problem recently received new attention due to the in situ experiment executed by 
the Deep Impact spacecraft. Although the first analysis of the experimental results 
yielded an extremely low strength of <65 Pa for the cometary crust (A’Hearn et al., 
2005), further investigations showed that any strengths from 0 to 12 kPa could fit 
the observational data (Holsappe and Housen, 2007). There are many other indirect 
evaluations of the expected strengths of the cometary material and we refer the 
reader, for example, to Biele at al. (2009) where different approaches are 
discussed. Here we only note that all assessments, excluding the first interpretation 
of the Deep Impact results, predict a tensile strength of the order of several 
hundred or even thousand Pascal. These expectations are in agreement with 
laboratory measurements of the tensile strength of homogeneous loose packings of 
micrometer-sized dust particles (Blum and Schräpler, 2004; Blum et al., 2006).  
 
If this supposition is true, one inevitably comes to the conclusion formulated in 
(Kührt and Keller, 1994), that, when the dust layer has such a cohesive nature, the 
sublimating gas cannot release dust, because the cohesive strength of the material 
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is several orders of magnitude stronger than the gas pressure underneath the crust. 
This has the consequence that the cometary activity monotonously diminishes with 
time and ultimately ceases completely. It seems that the apparent soundness of this 
conclusion led to the amusing situation that in many papers studying the activity of 
comets, the dust layer is simply considered as cohesionless. This case was also 
considered by Kührt and Keller (1994), and later this idea was used, for example, 
in de Sanctis et al. (2010) and Lasue et al. (2008). This un-physical model 
assumption allows the easy release of dust particles from the nucleus surface, 
because the gas pressure exceeds the gravitational pressure of the dust layer, which 
thereby is able to maintain its activity for a long time. This situation was 
considered as satisfactory until recently, when new spacecraft flybys resulted in a 
lot of stunning images as well as spectral and infrared observations of cometary 
nuclei. We can summarize the recent findings such that ice sublimation takes place 
underneath a dry, hot, cohesive dust crust and that dust particle emission is 
correlated with the observed gas activity (see, e.g., A’Hearn et al., 2011). This 
means that the problem of the disruption of the dust layer by the outflow of gas 
should be reassessed. The new observations motivated us to revise the problem of 
dust release by the release of volatile gas molecules on comet nuclei, using a new 
model of the formation of cometesimals. In Section 2, we present our new 
approach to the formation of cometesimals and to derivation of the tensile strength 
of the outer ice-free layers of comet nuclei. In Section 3, we estimate the gas 
pressure underneath the porous cohesive dust layer over a wide range of 
parameters, and in Section 4, we discuss the obtained results and constraints in the 
context of cometary activity.  
 
2. A new model of the dust-covered cometary nucleus 
 
In this section, we will describe a new model of the comet nucleus based upon 
recent developments of formation scenarios for planetesimals. As we will show, 
the model is full self-consistent and predicts the mechanical strength of the ice-free 
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outer layer of the nucleus. In connection with a heat-transfer and a gas-
permeability model it allows the prediction of the activity of comets when 
approaching the Sun. 
 
2.1 Model description 
 
Our model of the formation and evolution of comet nuclei is a multi-stage process 
whose individual sub-processes are described in the following. 
1. Formation of dust and ice aggregates in the inner and outer solar 
nebula. We know from observations (see, e.g., Wilner et al., 2005) and 
models (see, e.g., Zsom et al., 2010; 2011) that protoplanetary dust rapidly 
coagulates into (at least) mm-sized dust aggregates. The timescale for this 
growth is of the order of 103 - 104 years (Zsom et al., 2010; 2011). Obstacles 
to a further direct growth into planetesimals or cometesimals are the so-
called bouncing and fragmentation barriers. Growing dust aggregates 
reaching the bouncing barrier undergo a (gradual) transition from growth to 
bouncing (Güttler et al., 2010; Weidling et al., 2011) so that their further 
gain in mass is stopped at sizes of 0.1-10 mm (depending on the solar-nebula 
model; see Zsom et al., 2010 for details) and simultaneously get compacted 
in non-sticking collisions (Weidling et al., 2009). Assuming that further 
growth beyond the bouncing barrier is possible, dust aggregates will 
fragment when they reach the fragmentation barrier (Güttler et al., 2010; 
Beitz et al., 2011; Zsom et al., 2011). Depending on the solar-nebula model, 
the threshold size for fragmentation falls in the range of millimeters to 
meters. It is therefore plausible to assume that the minimum and maximum 
dust-aggregate sizes in the solar nebula were ~0.1 mm and ~1 m, 
respectively. 
2. Transport of refractory-dust aggregates to the outer solar nebula. 
Analysis of Stardust samples collected at comet Wild 2 show that the 
refractory dust consists high-temperature condensates which can only be 
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formed in the inner solar nebula (McKeegan et al. 2006; Zolensky et al, 
2006). Thus, we assume that the dust aggregates, which had been formed in 
the inner solar nebula, were transported to the cometesimal-forming regions 
of the protoplanetary disk. During the transport process, we assume that the 
dust aggregates did not undergo any further growth or fragmentation event. 
3. The dust and ice composition of the outer solar nebula shortly before 
cometesimal formation. Shortly before the cometesimals were formed by 
gravitational instability in an ensemble of dust and ice aggregates (see next 
point), we assume for simplicity that the number density and size of the dust 
and ice aggregates floating in the outer solar nebula were identical and that 
the size distribution of the aggregates was monodisperse. We are aware that 
these are major restrictions but we believe that the general conclusions of 
our model are not severely affected by these model assumptions. However, 
future versions of the model will have to deal with size distributions of dust 
and ice aggregates as well as with different mass ratios of dust and ice. 
4. Formation of cometesimals by gravitational instability. The formation of 
planetesimals and cometesimals were likely caused by a collective 
gravitational instability of an ensemble of dust and ice aggregates as 
described, e.g., by Johansen et al. (2007). Following this model, cometary 
nuclei should then consist of an agglomeration of dust and ice agglomerates 
with distinct sizes, because neither the impact velocities nor the hydrostatic 
pressure were high enough to cause considerable compaction and severe 
homogenization of such km-sized bodies (see points below). 
5. The consolidation of cometesimals. We conceive the collapse of the dust- 
and ice-aggregate cloud into a cometesimal as an inward-out process. Dust 
and ice aggregates close to the center of the collapsing cloud form sticking 
contacts first. Outer layers subsequently rain down on the forming 
cometesimal. After a considerable fraction of the final size of the 
cometesimal has been reached, we assume that the still infalling dust and ice 
aggregates hit the surface of the growing cometesimal at escape velocity, 
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which is (for not too small cometesimals and not too small dust/ice 
aggregates) by far larger than the sticking threshold of the aggregates (see 
Sect. 2.2). Thus, the aggregates will inelastically bounce several times 
before they will ultimately stick to one another at velocities close to the 
sticking threshold (see Fig. 1a). 
6. The structure of the cometesimals. We assume that the process described 
in the previous point leads to a rather compact packing of the dust and ice 
aggregates although empirical evidence for this is lacking. Granular matter 
(with low adhesion force with respect to the gravitational force) typically 
forms random close packing (RCP) structures. In our model, we assume that 
the cometesimals formed by the process described above may be slightly 
less compact and possess structures between random loose packing (RLP) 
and RCP (see also Sect. 2.2). 
7. Sublimation of the ice aggregates at solar approach. When the comet 
approaches the Sun for the first time, the ice aggregates close to the surface 
evaporate without dragging the dust aggregates along. This is due to the fact 
that for building up a gas pressure sufficiently high for the release of the dust 
aggregates, low gas permeability is required. However, close to the surface 
of the comet nucleus the evaporating gas molecules can almost freely escape 
(Gundlach et al., 2011a) so that the evaporation of the ice close to the 
surface of the nucleus should be possible without affecting the dust 
aggregates. 
8. The two-layer model of comet nuclei. Following the above model points, 
the comet nucleus consists in its bulk of a mixture of ice and dust aggregates 
upon which a layer of ice-free dust aggregates is residing (see Fig. 1b). The 
morphology of this dust-aggregate layer can be two-fold: (a) The 
evaporating ice within the ice-dust network and close to the surface of the 
nucleus does not affect the contacts among the dust aggregates and, thus, it 
also does not affect the positions of the dust aggregates; the resulting ice-
free dust-aggregate layer will then have a volume filling factor half as big as 
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in the original ice-dust matrix, with more spacing in between the dust 
aggregates. (b) The dust aggregates within the surface layer of the nucleus 
out of which the ice evaporates are no longer mechanically supported by the 
underlying aggregates; thus, some of the aggregates collapse to a lower 
position of the nucleus and stick again to the underlying dust aggregates, but 
this time their sticking velocity is determined by the minimum of the 
sticking threshold and the terminal velocity that the aggregates achieve 
during their free fall.  
9. Thickness of the ice-free dust-aggregate layer. In our two-layer model of 
the composition of cometary nuclei, the thickness of the ice-free dust-
aggregate layer is a free parameter, along with the dust-aggregate size. 
Below this refractory dust layer, a pristine ice-dust mixture exists in which 
the original compositions of the icy and dusty agglomerates have been 
preserved.  
 
2.2 The physical properties of the cometary surface layer. 
 
The most relevant physical property for the determination of the dust activity of 
comets is the tensile strength. Here, we develop a new derivation of the tensile 
strength of an agglomerate of dust aggregates. The model assumes that dust and 
ice aggregates of radii r were formed by collisional coagulation in the solar nebula 
and then were jointly incorporated into a cometesimal of radius Rc (see Sect. 2.1). 
The individual dust aggregates possess a volume filling factor or packing fraction 
(i.e. the fraction of the aggregates’ volume actually filled with solid dust or ice 
particles) of a. The volume filling factor of the ice-free dust-aggregate packing 
structure is p and the volume filling factor of the entire dust layer is then given by 
t = a p. We assume that the dust and ice aggregates went through the bouncing 
barrier prior to be embedded into the cometesimal so that, following Weidling et 
al. (2009) and Zsom et al. (2010), we get a  0.4. If the dust aggregates formed the 
cometesimal by gravitational instability, the packing density of the (non-sticky) 
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aggregates should be in between the RLP (p  0.55) and the RCP (p  0.64) limit 
(Onoda and Lininger, 1990), which then yields an approximate value of p  0.6. 
Thus, we get a total packing fraction of t  0.24 for the bulk of the comet nucleus. 
Based upon the assumption of position preservation (see Sect. 2.1, point 8a) of the 
dust aggregates during the evaporation of the ice close to the surface (from which 
follows that p  0.3 for the dusty surface layer), we get a volume filling factor of 
the ice free surface layer of t  0.12. When the dust aggregates reconfigure during 
the ice evaporation, their ultimate packing density will again be close to the RLP or 
RCP value (p  0.6, see Sect. 2.1, point 8b) so that the total filling factor of the 
dusty surface layer will be t  0.24.  
 
To derive the tensile strength of a layer of dust aggregates, we apply the model of 
Weidling et al. (2011)  for the surface energy of dust aggregates (their Eq. 5) and 
use the proportionality between the surface energy  and the tensile strength T, i.e. 
   T, so that we get for the effective tensile strength of the dust layer 
 
Teff = Ta p A / A0 ,          (1) 
 
with A and A0 = π r
2 being the contact area between two dust aggregates and the 
cross-sectional area of the aggregates, respectively. The intrinsic tensile strength of 
the aggregates can be estimated by using Eq. 8 of Güttler et al. (2009) 
 
lg( ( ) 2.8 1.4
a a a
T     [Pa].  (2) 
 
With the expected value of a  0.4, we get Ta = 2300 Pa, which is the tensile 
strength of a homogeneous packing of micrometer-sized dust particles. If the dust 
aggregates composing the dust layers were completely non-cohesive, like particles 
in a granular medium, the contact area A between two neighboring aggregates 
would be minimal so that the effective tensile strength would vanish. However, 
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due to mutual collisions during the gravitational collapse phase and attractive inter-
particle forces, neighboring dust aggregates exhibit a finite contact area A, which 
will be derived in the following. For this, we use the recent approach by Weidling 
et al. (2011) who derived the contact area of two colliding dust aggregates (their 
Eq. 10) 
 
* *2 2 2/515
8( )
M r v
EA  ,         (3) 
 
assuming a Hertzian contact established between the dust aggregates (masses M1, 
M2, radii r1, r2) in a collision with velocity v. Here, M
*, r*, and E are the reduced 
mass of the two dust aggregates (given by M*-1 = M1
-1 + M2
-1), their reduced radius 
(given by r*-1 = r1
-1 + r2
-1), and Youngs’s modulus of the dust aggregate, 
respectively. For Young’s modulus we assume E = 8100 Pa (Weidling et al., 
2011). In the simplified case of equal-size dust aggregates with masses m and radii 
r, the reduced radius and mass are given by M* = M/2 and r* = r/2, respectively, so 
that Eq. (3) can be written as 
 
2 2 2/515
64( )
Mr v
EA   .        (4) 
 
All we need to know is the average collision velocity with which the dust 
aggregates collide (and stick!). As we assume that the cometesimal was formed by 
gravitational instability rather than by direct collisional growth, the impact velocity 
of the dust aggregates during the gravitational collapse is approximately given by 
the escape speed from their final location which is mostly a function of the current 
comet nucleus radius Rc. However, for all practical cases, the escape velocity 
exceeds the sticking threshold (see Fig. 11 in Güttler et al., 2010) so that the 
gravitational collapse goes through a succession of bouncing collisions between 
the dust aggregates on the surface of the cometesimal (see Fig. 1a). Although these 
bouncing collisions might slightly influence the packing density of the aggregates 
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(see Weidling et al., 2009), they do not contribute to the tensile strength of the final 
body. Due to the energy loss in each bouncing collisions, the impact velocity of the 
collapsing dust aggregates decreases until the sticking threshold is reached. Thus, 
we use the transition velocity from sticking (for low velocities) to bouncing (for 
high velocities) as v in Eqs. (3) and (4). This threshold velocity was theoretically 
determined by Güttler et al. (2010) and empirically confirmed (on the 50% sticking 
probability level) by Weidling et al. (2011). They find for the sticking threshold as 
a function of dust-aggregate radius 
 
5/6
0.304
1 / 1
v r
mm s mm

   
   
   
       (5)   
 
(Eq. 12 in Güttler et al. (2010) and Eq. 8 in Weidling et al. (2011), and assuming a 
packing density of a = 0.4, and, hence, a mass density of the dust aggregates of 
1200 kg/m3). Inserting Eq. (5) into Eqs. (4) and (1) yields 
 
2/3
1
eff l p
r
T T
mm


 
  
 
,        (6) 
 
with Tl = 1.6 Pa. For p = 0.3 (case (a) in Sect. 2.1 point 8), we get an effective 
tensile strength of Teff = 0.5 Pa for r = 1mm dust aggregates. This is well below 
earlier estimates of the tensile strength of homogeneous dust layers (see Kührt and 
Keller, 1994; Blum et al., 2006). In case of reconfiguration of the dust-aggregate 
layer during the ice evaporation (which then yields again p = 0.6; case (b) in Sect. 
2.1 point 8), we have to determine whether the falling dust aggregates hit other 
dust aggregates deeper within the gravitational potential of the comet nucleus 
above or below their sticking threshold velocity. The gravitational acceleration on 
the surface of our model comet is given by  
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4
3
c t
a R G   ,          (7) 
 
with G,  and Rc being the gravitational constant, the mean material density of the 
comet, and the radius of the comet nucleus, respectively. The free-fall height of a 
dust aggregate, which lost its contacts through the evaporating ice, should be a few 
times its radius. Here, we assume that the dust aggregate is able to fall one 
aggregate diameter before it hits another dust aggregate. Thus, the collision 
velocity becomes 
 
1/2 1/2
1/2 1/2 42 7.3 10 /
1 1
Rc r
v a r m s
km mm
          
   
 .     (8) 
 
Here we used a total packing density of t = 0.24 and a mean material density of  
= 2000 kg/m3 of the comet nucleus. A comparison with Eq. (5) shows that dust 
aggregates larger than about 0.5 mm (for Rc = 1km) fall down faster than their 
sticking threshold so that for these aggregate sizes Eq. (6) still describes the 
resulting tensile strength (however, with p = 0.6). Smaller dust aggregates are, 
according to Eq. (8), less bound after their re-organization so that Eq. (6) has to be 
replaced for those dust aggregates which went through the process described above 
by 
 
2/5 2/5
1 1
c
eff l p
R r
T T
km mm

   
    
   
,        (9) 
 
with Tl = 3.3 Pa and p = 0.6.  
 
In the former case (Eq. 6), the tensile strength of a layer of porous dust aggregates 
continuously decreases with increasing aggregate size and obtains a value of ~0.5 
Pa for mm-sized dust aggregates, which is more than three orders of magnitude 
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below the tensile strength of a homogeneous (i.e. not hierarchically grown) dust 
layer, which is given by Tt = 1000 Pa (a = 0.15) … 6300 Pa (a = 0.66) (Blum et 
al., 2006) (see also Eq. (2) for the tensile strength of a homogeneous particle 
packing with random packing faction). In the latter case (Eq. 9), the tensile 
strength for sub-mm sized dust aggregates, which underwent a restructuring event, 
is even smaller and increases with increasing aggregate size.  
 
What remains to do is to compare the tensile strengths determined by Eqs. (6) and 
(9) as a function of the dust-aggregate radius with the gas pressure (vapor pressure) 
under the dust layer. Emission of dust can only occur if the gas pressure is higher 
than the tensile strength.  
 
One has to mind that our model does not only predict the tensile strength of the 
ice-free dust layer of a comet nucleus but also the tensile strength of the bulk 
nucleus. Here, Eq. (6) can also be applied with p = 0.6 and a material-dependent 
cohesive strength, which can considerably increase the value of Tl. Under the 
above assumption that the tensile strength is proportional to the surface energy of 
the particle material, the tensile strength of the comet nucleus as a whole can 
exceed that of the ice-free surface layer by at least a factor of ten, due to an 
increased surface energy of water ice (Gundlach et al., 2011b). On top of that, the 
gravitational strength of larger bodies also needs to be taken into account.  
 
2.3 Mass and energy balance in the surface layers.  
 
It is well known that the formation of a porous dust layer on the surface of the 
cometary nucleus generally leads to an increase in temperature of the ice surface 
and to a corresponding increase of the gas pressure below the nonvolatile dust 
layer. This effect is clearly observed in laboratory experiments (Benkhoff et al., 
1995; Koemle et al., 1990) and has a simple theoretical explanation.  
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Indeed, if the ice temperature is fixed, the porous dust layer greatly reduces the 
effective rate of sublimation for all regimes of gas diffusion (from Knudsen 
diffusion to a continuous flow). For the collisionless gas flow (Knudsen regime), 
the mass flow through a porous crust is given by 
 
( )
( , , )
s i
K d
i
P T
F r L
T

 
 
 
 
  ,         (10) 
 
where ( , , )dF r L   is a model-dependent function describing the geometrical 
structure of the porous medium, characterizing by the dust-layer thickness L, the 
effective pore radius rd and the filling factor  of the homogenous dust layer. Ps is 
the equilibrium vapor pressure for the temperature Ti at the surface of the ice. In 
the simplest case where the porous medium is constructed by cylindrical straight 
channels (capillaries), Eq. (10) transforms into Clausing’s formula (Steiner, 1990; 
Skorov et al., 2011), with 
 
2
20 8( / )
( , , ) (1 )
20 19( / ) 3( / )
d
d
d d
L r
F r L
L r L r
 

 
 
.     (11) 
 
The obvious simplification of both above formulae is a treatment of pores as a 
bundle of straight cylindrical isolated channels. Therefore, in this paper we use for 
( , , )d dF r L   the empirical dependence of the permeability of a randomly packed 
porous dust layer on the filling factor, the thickness of the layer and the grain (here 
dust aggregate) size (Eq. 19 in Gundlach et al., 2011a) 
  
 
1
( , , )= 1 / 2 dF r L L r b

 ,        (12) 
 
where b denotes the thickness in particle diameters at which the permeability drops 
to 50 percent. Gundlach et al. (2011a) derived with two experimental setups two 
values for this half-thickness, b = 7.31 and b = 6.54 particle diameters, 
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respectively. In all cases it is readily seen that, as the thickness of a dust crust 
increases, a considerable quenching of the emergent gas flux occurs for a fixed 
temperature Ti. 
 
The presented consideration of gas flow abatement is valid if the surface 
temperature of the ice is fixed. However, for cometary nuclei, the incoming energy 
flux is fixed, because the characteristic time scales for gas diffusion and heat 
conduction are much smaller than the characteristic time of irradiation changes on 
the cometary surface. Thus, in the real case one has to consider both energy 
balances, i.e. on the top (index s - cometary surface) and on the bottom (index i - 
dust-ice boundary) of the dust layer, in order to evaluate the resulting gas flow 
through the porous dust layer and the resulting gas pressure above the sublimating 
surface. Assuming the heat conductivities of the dry dust and the ice-dust mixture 
as well as the sublimation energy of the ice to be constant, we get a system of 
nonlinear algebraic equations, namely 
 
4 s i
s d
T T
J T
L
 

  ,          (13) 
s i i e K
d i
T T T T Q
L S m
 
  
 

.        (14) 
 
Here, J is the incoming radiation energy absorbed at the surface of the cometary 
nucleus, ε is the infrared emissivity, σ is the Stefan–Boltzmann constant, Ts and Ti 
are the temperatures at the top and the bottom of the dust layer, d and i are the 
heat conductivities of the dust layer and the ice-dust mixture, Q is the heat of 
sublimation per molecule, ΨK is the mass flux, Te is the so-called equilibrium 
temperature of the nucleus core, and ΔS is the effective orbital skin depth, 
respectively. The two latter quantities can be calculated by the method presented 
by Klinger (1981). Equations (13) and (14) compose a closed system describing 
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the energy balance in a model with the following free parameters:  J, , L, rd, λd, λi, 
Te, ΔS, and mass flux ΨK. 
 
3. Temperature and gas pressure underneath the porous dust layer.  
 
We evaluated the model presented above (Eqs. 13 and 14) together with the 
empirical gas permeability model (Eq. 12) for two heliocentric distances (R=1AU 
and R=3AU, respectively) and for pure water ice as well as for pure carbon dioxide 
ice, respectively, each covered by a dust layer consisting of dust aggregates with 
sizes r.  
 
Obviously, the model assumption about the pure ice is a strong idealization of the 
real nature of cometary ices. Apparently, the cometary material is a complex 
heterogeneous mixture of volatile and nonvolatile components. Both the 
composition and structure of the material can vary considerably from place to 
place. Nevertheless, considered simplified model makes sense for two reasons. 
First, at present a theoretical model of the sublimation of a multi-component ice in 
cometary environments is not developed properly. The only one attempt of a 
simplified theoretical analysis of a multicomponent sublimation is presented in 
(Shul'man, 1987). Furthermore the experimental data about multicomponent ice 
sublimation at low temperature in a vacuum are very limited. In such a situation, 
we believe that a consideration of a ice mixture would be premature and entirely 
speculative. At the same time, consideration of idealized one-component model of 
the ice allows us to estimate expected range of variation of the studied physical 
characteristics. Obviously, the rate of sublimation (and hence the corresponding 
pressure of sublimating gas) of any mixture of water and carbon dioxide will lie 
between these extreme cases of pure ice. This is the second justification for the 
simplified model considered here. 
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The gas pressure at the sublimating H2O ice surface and the sublimating CO2 ice 
surface is calculated. H2O ice is traditionally treated as the major volatile 
component of a cometary nucleus, whereas CO2 ice recently turned out to be the 
focus of attention (A’Hearn et al, 2011). For simplicity, we neglect the presence of 
dust aggregates within the ice layers and assume that their influence on the 
sublimation process is small. The heat capacity, the heat conductivity, the latent 
heat of sublimation and the expression for the saturation pressure are taken from 
Fanale and Salvail (1984). The emissivity   equals (1-albedo), according to 
Kirchhoff’s law, with an albedo of 0.04, and for the equilibrium temperature and 
skin depth we chose Te = 90K and ΔS =10m, respectively. It is worth noting that 
the simulation results are quite insensitive to the specific values of two latter 
parameters.  The effective thermal conductivity of the dry porous dust layer used in 
this paper is d = 0.02 W/(m·K), in agreement with measurements by Krause et al. 
(2011), who determined the heat conductivity of hierarchical dust samples (i.e. 
agglomerates of dust aggregates, see Sect. 2). The simulation results are shown in 
Fig. 2 (for water ice) and Fig. 3 (for carbon dioxide ice) which depict in the top 
row the temperatures of the sublimating ice surfaces as a function of the thickness 
of the dust-aggregate layer for several sizes of dust aggregates and the 
corresponding saturation pressure in the bottom panels for R=1AU (left panels) 
and R=3AU (right panels), respectively. We consider although two structural 
models of a porous dust layer: with the filling factor p = 0.3 (case (a) in Sect. 2.1 
point 8) and p = 0.6 (case (b) in Sect. 2.1 point 8).  
 
When the incoming energy flux is fixed, the energy balance at the sublimating 
boundary occurs at a higher temperature (in comparison with the temperature of 
bare irradiated ice) and hence at a higher gas pressure if a dust layer is present, due 
to the so-called “cooking effect”. This effect was observed in laboratory 
experiments (Benkhoff et al., 1995; Koemle et al., 1990) and reproduced in 
numerical models (Koemle and Steiner, 1992; Skorov et al., 1999). Because the 
saturation pressure is an exponentially growing function of temperature, we 
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consider first, how the ice temperature varies with increasing dust-layer thickness 
and dust-aggregate size. It is clear from Figs. 2 and 3 that the ice temperature Ti is 
more sensitive to changes of the dust-aggregate size than to layer-thickness 
variations. The ice surface temperature is visibly higher for small pore radii (i.e. 
for small dust aggregates sizes), but the maximum temperature is still smaller than 
the temperature of ice melting in all examined cases.  
 
As might be expected the reduction of porosity of the dust layer leads to a decrease 
in the effective sublimation, which in turn leads to an increase in both temperature 
and gas pressure. Because the latter is an exponential function of temperature, even 
a relatively small increase of temperature induces a pressure increase in several 
times. Thus one can conclude that local structural inhomogeneities may lead to 
local dust layer demolition and gas outburst.   
 
It is worth noting that for an extended porous layer the difference between the 
surface temperature Ts and the temperature of the sublimating ice Ti does not 
depend on the thickness of the crust L. Indeed, in this case theory (Eq. 11) and 
experiments (Gundlach et al., 2011a) predict that the relative permeability of the 
layer is inversely proportional to its thickness. Substituting this dependence for Ψ 
into Eq. (14) and expressing the energy conservation at the boundary between dust 
crust and sublimating ice, one gets a relation connecting Ts with Ti and not 
containing L. For a Hagen–Poiseuille flow an analogous result was found by 
Shul’man (1987). This fact leads to an interesting conclusion: because the value of 
Ts never exceeds the corresponding black body temperature (for =1), there is an 
upper limit for Ti and, consequently, for the maximum gas pressure under a thick 
dust crust. This qualitative analysis is in agreement with the simulation results for 
the saturation pressure presented in Figs. 2 and 3 (low panels).  We see that the 
pressure is more sensitive to the effective pore size than to the layer thickness for 
not too thin dust layers.  
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It is interesting to compare the results obtained for water ice and carbon dioxide 
ice. For fixed ice temperature, the saturation vapor pressure of CO2 is much higher 
than the corresponding value for H2O; the typical difference is 5-6 orders of 
magnitude. Consequentially, the evaporation rate of CO2 ice is much higher than 
the evaporation rate of H2O ice, which results in a much more efficient cooling of 
carbon dioxide ice, due to the latent heat of evaporation. In our model, this means 
that the energy equilibrium at the dust-ice interface is achieved at a lower 
temperature for CO2 ice if the incoming energy is fixed. Thus, for R=1AU the 
maximum temperature of the water ice is ~100 K above the temperature of the CO2 
ice. In turn, this leads to an equilibrium gas pressure above the CO2 ice only a 
factor of a few higher than the corresponding gas pressure above the water ice. 
Thus, we conclude from our model that the destructive power of pure carbon 
dioxide, which has been speculated in cometary society to be a “super volatile” and 
responsible for dust lifting, is comparable with that of pure water ice. This picture 
might, however, change if intimate mixtures of H2O and CO2 ice are assumed. This 
will be the subject of further studies.  
 
Finally we compare the calculated gas pressures above the ice surface covered by a 
porous dust crust with the strength of this crust estimated by Eqs. 6 and 9.  
 
In Fig. 4 we plot the resulting strength of the crust as a function of aggregate size 
(bold dashed lines) together with the gas pressure of water vapor for different sizes 
of dust aggregates, for two heliocentric distances (panel A for 1AU and panel B for 
3AU) and different thicknesses of the dust crust (triangles for L=10-3 m, diamonds 
for L=10-2  m, squares for L=3·10-2 m, and circles for L=5·10-2 m). Solid curves are 
used for the filling factor p = 0.6 (case (b) in Sect. 2.1 point 8), dashed curves - for 
p = 0.3 (case (a) in Sect. 2.1 point 8).  
 
If the dust residual retains its original structure after evacuation of all volatiles (p 
= 0.3), the effective strength is determined by Eq. 6. For all examined cases, the 
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pressure of water vapor is below the strength of the dust crust. The pressure always 
drops with increasing aggregate radius and this trend is insensitive to the thickness 
of the dust layer if the thickness is large enough (L>1cm). At a distance of R = 
3AU the gas pressure is less than ten per cent of the crust strength, whereas at R = 
1 AU gas pressure is only a factor of 2-3 below the strength. One can expect that if 
an accumulation of fine grains between larger coarse dust aggregates exists, which 
does not considerably affect the tensile strength, the permeability of the dust layer 
will decrease so that the gas pressure can exceed the crustal strength.  
 
If the structure of dust residual is modified after evacuation of all volatiles (p = 
0.6), the effective strength is determined by Eqs. 6 and 9. At a distance of R = 1AU 
for all aggregates with size less than about 10-4 m pressure is visibly above the 
layer strength and this difference is 1-1.5 orders of magnitude. We conclude that 
the compaction of depleted dust layer results in its mechanical instability and 
disruption even in the case of pure water ice sublimation.  At a distance of  R = 
3AU the layer above water ice remains stable for all aggregates except the 
smallest. It means that fine dust can be accumulated at the surface.   
 
For CO2 ice, the situation is quite different (Fig. 5). If the structure of dust residual 
is unmodified after evacuation of volatiles (p = 0.3), we see that at R = 3 AU for 
the layer with higher permeability (b = 7.31) the tensile strength dominates the gas 
pressure in all cases. The additional calculations shown that the gas pressure can 
exceed slightly the tensile strength only for the layer with lower permeability (b = 
6.54), for the smallest dust aggregates and the thickest dust layers. At R = 1 AU 
and both values of b, however, the underlying gas pressure can expel the dust crust 
for almost all combinations of dust-aggregate size and crust thickness, except for 
the smallest aggregate sizes and for very thin dust layers. For b = 7.31 the gas 
pressure slightly exceeds the tensile strength for the dust-aggregate sizes smaller 
than ~1 mm and is comparable to the crustal strength for larger dust-aggregates.  
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If after evacuation of volatiles the dust layer became more compact (p = 0.6), at R 
= 3AU the state for CO2 ice is similar to the state considered at R = 1AU for water 
ice:  for all aggregates with size less than about 10-4 m pressure is visibly above 
the layer strength (except for thin dust layer (marked by triangles) formed by the 
small aggregates) and this difference is 1-1.5 orders of magnitude. At R = 1AU as 
before for the unmodified layer, the underlying gas pressure expels the dust crust 
for almost all combinations of dust-aggregate size and crust thickness, except for 
the biggest aggregate sizes and for thick dust layers (marked by squares and 
circles). For the model with the lower layer permeability (b=6.54) gas pressure is 
always higher the strength.     
 
As it is unclear which value for the parameter b should be chosen, we cannot make 
any definite predictions with the model at this point. However, the fact that our 
model results are extremely sensitive to b and that the actual value of b seems 
crucial for the occurrence of a crust-destroying activity at high solar distances, 
shows that our model might be close to a realistic description of the dust-crust 
evolution of cometary nuclei: a much higher value of b will reduce the sub-crustal 
pressure so much that the crust can never be removed, whereas a much lower value 
of b will not even allow the formation of a thin dust crust.  
 
4. Discussion.  
 
Before proceeding to discuss the obtained results, we consider the main model 
simplifications. The first and most significant simplification in our model is the 
assumption that the dust aggregates have the same size and shape, i.e. we have 
investigated a monodisperse system of dust aggregates. This simplification is 
important for the estimation of the strength of the dust crust as well as for the 
calculation of the surface ice temperature and, consequently, the gas pressure 
underneath the porous dust layer. In this paper, the significance of this 
simplification is partially offset by our studying a wide range of dust-aggregate 
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sizes and by getting a qualitatively similar behavior of temperature and pressure in 
most cases. However, it is highly desirable to exclude this simplification in future 
investigations in which we will develop models for polydisperse media.  
 
The next model restriction derives from the fixed heat conductivity of the dust 
crust. Although we use experimental values available from proper laboratory 
experiments (Krause et al., 2011), the environmental conditions and the 
microscopic structure of the dust aggregates can influence the thermal 
conductivity. A model for the thermal conductivity of hierarchical dust-aggregate 
assemblages is highly desirable and should be used in future studies. At small 
heliocentric distances, the dust temperature may be so high, that radiative heat 
transfer becomes comparable to or even exceeds the heat transfer trough the solid 
dust-particle matrix. This effect is particularly important for bigger dust 
aggregates, because the radiative conductivity is proportional to effective pore size.  
 
The last model simplification is the physical description of icy component. We 
tested only pure ices, whereas cometary ice is a mixture of different volatiles and 
dust. However, this assumption seems reasonable at the first step of investigation, 
because at the moment we have no reliable quantitative information about the 
microscopic as well as the macroscopic organization of cometary ice. Moreover, 
even the sublimation energy and evaporation rate for multicomponent ice should 
be first carefully evaluated in laboratory experiments. As it is easy to see from the 
results presented above, the temperature of water ice can be higher than the 
corresponding temperature of carbon dioxide ice by about one hundred degrees 
(for the same set of model parameters). This means that any examination of 
macroscopic heterogeneous mixtures of H2O and CO2 ices (assuming that there are 
only microscopic pure ice particles) plus dust requires a much more sophisticated 
multidimensional model of the heat transfer in order to accurately simulate the 
distribution of ice temperatures and the resulting gas pressures.  
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We now proceed to the discussion of the results presented above. Let us first 
consider the dependence of the temperature and the gas pressure on the dust-crust 
thickness and dust-aggregate size. In the (as we believe unrealistic) case of 
relatively small aggregates (r ≤ 10-4 m), both for water and carbon dioxide ice, 
temperatures and, hence, gas pressures generally increase when the thickness of the 
dust layer is growing (for fixed dust-aggregate size). This increase is obviously 
determined by the reduction of the gas permeability of the dust crust and, in turn, 
by the reduction of the effective sublimation. In the cases in which we observe the 
ice temperature to reach a horizontal asymptotic value for thicker crusts, the gas 
pressure reaches a maximum value that is a function of dust-aggregate size only. 
This effect was discussed above. It is interesting to note that for the biggest dust 
aggregates, the trend is opposite: temperature and pressure decrease slightly with 
growing crust thickness. This is explained by the fact that for small crust 
thicknesses the permeability of the crust is still high (L/r < 4-5), whereas the 
thickness of the crust is already large enough to considerably reduce the incoming 
heat flux. For a fixed crust thickness, the gas pressure always decreases when the 
dust-aggregate size increases. It is interested to note that the slopes of the pressure 
and tensile-strength curves are almost identical for H2O (see Fig. 4), whereas for 
CO2 the slope of the decrease of tensile-strength with increasing dust-aggregate 
size is deeper than the pressure decrease (see Fig. 5). This means that for H2O an 
instability of the dust crust cannot be reached by larger dust aggregates so that the 
effect of dust-layer desorption is more or less independent of the dust-aggregate 
size (for monodisperse dust aggregates). For CO2 an instability of the dust crust 
can either be reached with smaller dust aggregates or with thicker dust layers. 
 
Now we consider in more detail how the gas pressure is varying when the crust 
thickness increases. It is easy to see that the pressure of the water vapor remains 
below the estimated strength of the dust crust in all examined cases for loose dust 
layers (Fig. 4). At R = 3 AU, the crust strength even exceeds the corresponding 
water-vapor pressure by more than a factor of ten. This means that as long as there 
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is any gas activity, the dust accumulates on the surface and the thickness of the 
crust grows. Although the gas pressure generally increases during this process, this 
pressure increase is not sufficient to lift the dust crust so that the dust layer is 
stable. At R = 1 AU, the situation qualitatively remains the same, but the ratio of 
the crustal strength to the maximum gas pressure decreases to about two. Thus, one 
can expect that the dust crust above pure water ice can be removed only if the 
incoming energy flux is large enough (more than one solar constant).  
 
The other process that can destroy a dust layer is its compaction (case (b) in Sect. 
2.1 point 8). For this case at R = 1AU gas pressure exceeds the layer strength even 
above the pure water ice if the layer is constructed by fine dust aggregates (size is 
smaller than hundred of microns), whereas the big particles are accumulated on the 
surface.   
 
Fortunately, the situation is more encouraging in the case of CO2 ice (Figs. 5). At R 
= 3AU and at the beginning of crust formation (i.e. for a small crust thickness), the 
gas pressure is smaller than the crust strength. When the thickness of the dust crust 
increases due to the onset of the ice evaporation the gas pressure can exceed the 
crust strength of layer with decreased permeability and, hence, the crust is being 
removed. As a result, the gas pressure drops again and the growth process of the 
dust crust can start all over again. Thus, we can expect a repetitive process of 
growing and removing of the dust layer on top of the ice.  
 
It is interesting to note that in the case of large dust aggregates (with sizes bigger 
than several millimeters) the gas pressure remains below the strength curve and a 
permanent dust crust can be formed. However, as the comet approaches the Sun, 
the gas pressure increases (Fig. 5b), the gas pressure exceeds the crustal strength 
even for large dust aggregates and the dust crust gets removed. One can see that 
with our current model parameters for R = 1 AU and pure CO2, there is no to build 
an extended dust crust, because the gas pressure underneath such a dust layer 
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would be several times higher than the corresponding mechanical strength of the 
crust.  
 
We should emphasize again that the pure ices examined in this paper are highly 
idealized cases and model simplifications. However, one can expect that for mixed 
ices the general trends will be the same and the resulting gas pressure will probably 
be between the extreme values evaluated in this paper. This means that the main 
features found in this study, namely i) formation and growth of a dust crust at large 
heliocentric distances, ii) removal of the dust crust for smaller heliocentric 
distances, due to a fast increase of gas pressure underneath the crust, and iii) 
formation of the next generation of the dust layer, will be valid also for mixed ice.   
 
Generally speaking, the results listed above can be found in various cometary 
publications about the formation and stability of dust mantles on cometary nuclei. 
Different aspects of this problem were first discussed by Shul'man (1987), 
Rickman et al. (1990) and Kührt and Keller (1994) and were later analyzed, for 
example, by Rosenberg and Prialnik (2009) and de Sanctis, et al. (2010). The main 
difference of our work and its advantagesover previous approaches are related to 
two important features: a) in this paper for the first time a model describing the 
microscopic structure of cometary material in accordance with modern models of 
the Solar System formation is presented, b) the major model characteristics (such 
as porosity, permeability, heat conductivity, strength) are determined in a 
consistent manner and based on experimental results. The latterallows us to pass 
from qualitative speculations to quantitative analysis of linkages and roles of 
different model parameters. 
 
5. Conclusions. 
   
In this paper, we present the first consistent model of the formation and removal of 
a porous dust crust on cometary nuclei, based on the evaluation of the tensile 
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strength and on the energy transfer within an ice-free surface dust layer on top of 
pure water or carbon dioxide ice. The strength evaluation is obtained both from 
theoretical expectations and from laboratory experiments. The heat transfer model 
also utilizes results retrieved from laboratory experiments. At different heliocentric 
distances, we calculated the gas pressure underneath a porous dust crust of 
different thickness formed by dust aggregates of various sizes. We found that:  
 
1) The hierarchic structure of the dust aggregates, which follows from the 
formation of cometesimals by gravitational instability, dramatically reduces the 
tensile strength of the porous dust crust formed by such grains. 
2) The general existence of a dust crust leads to an increase in the temperature at 
the ice-dust interface and, hence, to an increased gas pressure. 
 3) The pressure of pure water ice generally is not sufficient to destroy the dust 
crust. 
4) The pressure of pure carbon dioxide ice can exceed the tensile strength of the 
crust even at R > 1 AU. 
5) The structural modification of the dust layer after evacuation of volatiles leads 
to decrease of its permeability and to significant increase of gas pressure, which 
can exceed the strength of this depleted layer.     
6)  Because generally the gas pressure increases with increasing crust thickness, 
the formation and destruction sequence of the dust crust can be repetitive. As this 
repetitive event is not synchronized over the comet surface, our model predicts that 
only a small part of the total surface exhibits pure ice on the surface, in agreement 
with observations (Sunshine et al., 2006), as a major part of the cycle is consumed 
by the build-up of a sufficiently thick dust layer.  
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Figure captions. 
 
 
Figure 1. (a) Schematic sketch of the formation scenario of cometesimals used in 
our comet nucleus model. Dust and ice aggregates are captured by the growing 
cometesimal due to a gravitational instability so that they hit the surface at about 
escape speed. As the threshold velocity for direct sticking is well below the escape 
speed, the aggregates will bounce a few times before they stick roughly at the 
sticking threshold velocity. (b) Sketch of the two-layer model of comet nuclei. The 
bulk of the comet nucleus consists of dust and ice aggregates, which themselves 
consist of µm-sized dust and ice grains. The ice free surface layer in the case 
shown is more porous than the rest of the nucleus. An alternative model assumes 
restructuring of the dust aggregates in the ice-free surface layer until a denser 
configuration is reached (not shown). 
 
Figure 2. Top panels: Temperature of the sublimating H2O ice surface as a function 
of the thickness of the dust layer for several sizes of dust aggregates (from 10-5 m 
to 10-2 m, as indicated in the Figure legend) for two heliocentric distances (at the 
left column R = 1 AU, at the right column R = 3 AU) and different permeability of 
the dust layer (for p = 0.3 curves marked by circle). Bottom panels: The 
corresponding gas pressure underneath the porous dust crust.  
 
Figure 3. Top panels: Temperature of the sublimating CO2 ice surface as a function 
of the thickness of the dust layer for several sizes of dust aggregates (from 10-5 m 
to 10-2 m, as indicated in the Figure legend) for two heliocentric distances (at the 
left column R = 1 AU, at the right column R = 3 AU) and different permeability of 
the dust layer (for p = 0.3 curves marked by circle). Bottom panels: The 
corresponding gas pressure underneath the porous dust crust. 
 
Figure 4. Comparison of the strength of the dust crust calculated for two filling 
factors (bold dashed curves) and H2O gas pressure calculated for different dust-
 36 
aggregate sizes (from 10-5 m to 10-2 m). Different solid curves correspond to 
different thicknesses of the dust crust (triangles for L=10-3m, diamonds for L=10-2 
m, squares for L=3·10-2 m, and circles for L=5·10-2 m) and different permeability of 
the dust layer (solid curves for p = 0.6, and dashed curves for p = 0.3). Model 
results for R = 1 AU (panel a) and R = 3 AU (panel b) are presented. 
 
Figure 5. Comparison of the strength of the dust crust calculated for two filling 
factors (bold dashed curves) and CO2 gas pressure calculated for different dust-
aggregate sizes (from 10-5 m to 10-2 m). Different solid curves correspond to 
different thicknesses of the dust crust (triangles for L=10-3m, diamonds for L=10-2 
m, squares for L=3·10-2 m, and circles for L=5·10-2 m) and different permeability of 
the dust layer (solid curves for p = 0.6, and dashed curves for p = 0.3). Model 
results for R = 1 AU (panel a) and R = 3 AU (panel b) are presented. 
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